Introduction
Most preterm infants fail to aerate their immature lungs at birth and need respiratory support [1, 2] . To minimize injury, intubation and mechanical ventilation is now avoided and the focus of respiratory care has shifted to noninvasive ventilation. This usually includes continuous positive airway pressure (CPAP) to support breathing and/or intermittent positive pressure ventilation (IPPV) via a face mask [3] . Immediate cord clamping (ICC) is then often considered necessary when stabilizing the preterm infant to allow transfer to an appropriate platform. However, the interventions that are currently recommended for stabilization/resuscitation of the preterm infant are largely based on long-held beliefs or scientific knowledge coming from fetal or fully transitioned animal models. We know very little about how mask ventilation strategies interact and integrate with the infant's physiology as it transitions from a fetal into a neonatal phenotype.
In recent years animal models have become more sophisticated and measurements have been performed in preterm animals during the transition from fetus to newborn [4, 5] . These studies that incorporate the transitional process have given much greater insight into the mechanisms controlling the large and abrupt pulmonary and cardiovascular physiological changes that occur during transition. The most recent findings of studies using these models have emphasized how important it is that interventions performed during stabilization or resuscitation are based on scientific data gathered from appropriate animal models [6] . Following from this, noncumbersome and noninvasive physiological measurements in human infants during transition have provided more information and permitted testing of whether observations in animals are similar to those in humans [7] .
In this review we will focus on two recent findings in preterm animals and infants during transition, which we consider are potential "game changers" that could alter the current landscape for how preterm infants are stabilized at birth. The first finding relates to how the larynx functions at birth, providing the realization that it can hinder noninvasively applied ventilation in preterm infants [8, 9] . The second is the increasing awareness that the timing of cord clamping has a major influence on the physiological changes during transition [5, 10] .
The Larynx
While noninvasive ventilation strategies have been universally adopted and recommended as the first choice for respiratory support at birth, studies have demonstrated several issues with mask ventilation. Mask technique is more difficult than most caregivers recognize, and volume delivery is hampered by the frequent occurrence of mask leak and obstruction [11] [12] [13] [14] . In clinical observational studies using respiratory function monitoring, it became apparent that IPPV was not effective in delivering tidal volumes to the lung and that lung aeration only occurred after the infant had started breathing [11] [12] [13] [14] . Van Vonderen et al. [15] measured the effects of initial sustained inflations in preterm infants at birth and observed that very little air volume entered the lung unless breathing occurred during the sustained inflation. As a result, a gain in functional residual capacity was only associated with breathing. Similar findings were observed in a subsequent study using respiratory function monitoring along with respiratory inductance plethysmography and volumetric measurements of exhaled CO 2 [16] . In addition, van Vonderen et al. [9] also demonstrated that distention of the upper airways occurs during mask ventilation in preterm infants, indicating that this volume should be considered when targeting tidal volumes during mask ventilation. The fact that expansion of the oropharynx occurs during noninvasive IPPV, thereby reducing the volume entering the lung, was confirmed in lambs and has been imaged in newborn rabbits [8, 9] . When combined with larynx closure, this could explain why often no effect on heart rate or oxygen saturation is initially observed despite tidal volumes being within the target range. That is, IPPV is simply ventilating the oropharynx and the heart rate does not increase until the infant takes a spontaneous breath and thereby opens its larynx. These studies suggested that a closed larynx might hinder the volumes produced by mask ventilation from entering the lung.
The adducted larynx at birth has so far been overlooked as a possible cause for airway obstruction. The larynx is adducted in the fetus to restrain the efflux of lung fluid and to promote lung expansion and lung growth, while after birth, larynx abduction is required to enable lung aeration [8, 17, 18] . However, there is evidence that the larynx continues to function as during fetal life, remaining mostly closed during apnea and only opening briefly when a breath is taken. This pattern changes and the larynx remains mainly open once a stable breathing pattern is obtained [8] . When a respiratory function monitor is used as a feedback tool guiding mask ventilation, caregivers should be aware that, when targeting ventilation, if the larynx is closed, IPPV will cause distention of the upper airways. The volumes measured, therefore, could be misinterpreted as "appropriate," while the closed larynx prevents lung aeration and gas exchange, resulting in inadequate ventilation.
This finding could completely change the perspective of applying noninvasive ventilation at birth. The mechanisms controlling how the larynx functions are still unclear, but preliminary results suggest that it is closely linked to the stimulation/suppression of breathing; when breathing is stimulated, the larynx is open, but when breathing is inhibited, the larynx closes. As such, oxygenation and aeration of the lung play an important role in this. This almost sounds like a catch 22: for a patent larynx you need lung aeration and oxygenation, but for lung aeration and oxygenation you need a patent larynx. However, spontaneous breathing seems to be able to break through this impasse. The larynx will open during a spontaneous breath, allowing air to enter the lung.
Most preterm infants cry and breathe at birth [2] . However, whether breathing was effective and whether regular breathing was established was not reported in this study, although all infants required IPPV. Schilleman et al. [19] reported that breathing was often not observed, resulting in spontaneous breathing during and in between inflations given. More recently, Huberts et al. [20] measured respiratory effort at birth and ob-DOI: 10.1159/000497421 served that very preterm infants indeed breathe when receiving mask ventilation, but the respiratory effort was significantly lower when compared with infants who received CPAP. Thus, the reduced breathing effort observed likely justifies applying mask ventilation in most infants.
When taking together the findings that respiratory effort is often weak and that the larynx only opens during breathing, it seems logical that stimulating and supporting spontaneous breathing is the optimal way of enhancing noninvasive respiratory support in preterm infants at birth. Improving respiratory effort will not only decrease the need for IPPV, but also any inflations given will more likely lead to air successfully entering the lung. The resulting increase in oxygenation will lead to a more stable breathing pattern with a more patent larynx.
There are few data available on stimulating and supporting respiratory effort of preterm infants at birth, but the topic has received attention in recent studies. While recommended in the international resuscitation guidelines, tactile stimulation is often not performed in preterm infants, but improves respiratory effort and oxygenation [21] . Caffeine is another option which acts via the respiratory center to have a direct effect on diaphragm activity [22] . In a small randomized trial, preterm infants receiving caffeine at birth had a greater respiratory effort although the effect appeared to depend on gestational age [23] . Another factor that influences respiratory effort is the level of oxygenation at birth. The right level of oxygenation at birth is still unclear, but as hypoxia inhibits respiration before and after birth, it seems more logical to target higher SpO 2 levels in the first minutes than is currently acceptable while avoiding hyperoxia using FiO 2 titration. CPAP is commonly used to support respiratory effort at birth, but the optimal level and strategy remain unclear. While CPAP levels of 5-8 cm H 2 O are given, this is a direct extrapolation from what has been shown to be effective in the hours to days following birth. However, as respiratory support in the delivery room includes providing support to clear airway liquid, which is not a requirement days after birth, higher CPAP levels are likely to be needed immediately after birth. Similarly, higher CPAP levels may be required to prevent return of lung liquid and maintain functional residual capacity [8, [24] [25] [26] [27] . In recent years it has become increasingly apparent that assuming strategies that are effective in the NICU (hours to days after birth) will be equally effective in the delivery room, ignoring much of what we know about the fetal to neonatal transition. Although more data are becoming available, future research should focus on defining the combination of strategies that optimally stimulate and support respiratory effort of infants to facilitate transition at birth.
The Umbilical Cord
The timing of umbilical cord clamping has become a hot topic for neonatal caregivers and obstetricians in recent years. Midwives have been practicing delayed cord clamping (DCC) in healthy term infants for decades and often delay clamping and cutting of the cord until pulsations have stopped. In contrast, obstetricians implemented ICC as part of preventing maternal postpartum hemorrhage (PPH) through the "active management" of the third stage of labor. ICC was included as one of three strategies, for which only one (uterotonic administration) has been shown to have a clear benefit in reducing PPH. Nevertheless, while the clinical evidence on "active management" showed a clear benefit for the mother in reducing PPH, the finding of a negative impact on the infant (including reduced birth weight) was largely ignored. Practice has now changed as DCC is beneficial for healthy term and preterm infants. In uncompromised term and preterm infants, DCC for at least 1 min is recommended [28] because it is thought that placental transfusion would then be complete, leading to a higher blood volume after cord clamping and less iron deficiency in infancy [29, 30] . Meta-analyses of studies in breathing preterm infants have shown lower mortality when clamping was delayed for 1 min, but infants needing stabilization/resuscitation have been excluded from most of these studies [31] . While the benefit of DCC has been attributed to placental transfusion, it is now apparent that there is a much larger potential benefit if cord clamping is delayed until after the lung has aerated. This approach is called physiologicalbased cord clamping (PBCC) and leads to a more stable hemodynamic transition as preload and cardiac output is sustained and the large disturbances in systemic and cerebral hemodynamics during transition are avoided [5, 10, 32, 33] .
Recent experimental studies in preterm lambs demonstrated that clamping the cord after lung aeration prevents the reduction in cardiac output, cerebral perfusion, and cerebral and SpO 2 associated with cord clamping, and as such, less oxygen was needed [10] . The key factor here is the increase in pulmonary blood flow (PBF) that is triggered by lung aeration. Before birth, pulmonary vascular resistance is high and PBF low, thereby contributing little to left ventricular preload. Instead, cardiac output of the left heart in the fetus is largely dependent on venous return from the placenta. When the cord is clamped before the lungs have aerated, the left heart suddenly loses a large proportion of its preload, leading to a sudden decrease in cardiac output. In addition, the sudden loss of the placental circulation greatly increases peripheral vascular resistance that initially causes an increase in carotid vascular pressure and blood flow. This is followed by a reduction in cardiac output causing a bradycardia and a subsequent decrease in carotid vascular pressure and blood flow. This ultimately leads to cerebral and peripheral hypoxia, which causes cerebral vasodilation in an attempt to increase cerebral blood flow to compensate for this, and the caregiver usually gives more oxygen to try to correct hypoxia. It appears that all these swings in blood pressure, flow, and oxygenation can be avoided by delaying cord clamping until the lung is aerated. The increase in PBF increases pulmonary venous return, thereby providing the left ventricle with sufficient preload to maintain cardiac output without being dependent upon placental venous return. Avoiding these large swings in hemodynamic function has the potential to decrease the risk of intraventricular hemorrhage and necrotizing enterocolitis as well as associated mortality and morbidity.
In most trials comparing DCC with ICC, preterm infants needing respiratory stabilization at birth were excluded as respiratory support could be provided only after cord clamping [31] . Duley et al. [34] performed a "continued" pilot study, and ventilation was given in the DCC group, but in a large proportion of the infants (40%) in the DCC group the cord was clamped early for several reasons. They reported a nonsignificant decrease in death and intraventricular hemorrhage in the DCC group and no differences in other morbidities. However, so far in all studies cord clamping was still based on time (mostly 60 s) and not on whether the infant's lungs were aerated. We recently published an observational study utilizing the concept of PBCC and using a purpose-built table, the Concord, in preterm infants < 32 weeks' gestation [35] . As observed in the experimental studies we found that heart rate, oxygen saturation, and oxygenation were not reduced with cord clamping. Similar results have been reported in a feasibility trial in infants > 32 weeks' gestation. A large randomized trial is now ongoing in all tertiary centers in the Netherlands comparing PBCC with timebased DCC, with intact survival as the primary outcome.
Experimental lamb studies have shown that PBCC may not only be beneficial for preterm infants, but could also benefit infants suffering from asphyxia and infants with congenital diaphragmatic hernia [36] . When severely asphyxiated lambs were ventilated and resuscitated using PBCC, the low resistance placental vascular bed greatly mitigated the rebound hypertension that occurs after restoration of circulation compared to lambs that had ICC [36] . This led to less cerebrovascular injury in PBCC lambs compared to ICC lambs, although clamping in the middle of rebound response appeared to make things worse. PBCC could also decrease the incidence of persistent pulmonary hypertension of the newborn in infants with a congenital diaphragmatic hernia [37] . PBCC decreased the pulmonary arterial pressure and the pulmonary vascular resistance in lambs with congenital hernia during transition and in the first hours of life [38] .
The effect of PBCC on the infant's respiratory effort is unclear. It is possible that allowing the placenta to continue its gas exchange function maintaining placental circulation could potentially reduce the risk of hypoxia and the resulting inhibition of breathing. In contrast, circulating prostaglandins from the placenta could lead to inhibition of breathing of the infant [39, 40] , although breathing movements in healthy fetuses are a very well-described phenomenon. However, the inhibitory effect of type E prostaglandins produced by the placenta could be diminished by the fact that 99-100% are metabolized by the lung [41, 42] . As such, lung aeration before cord clamping will lead to a large increase in type E prostaglandin metabolism, thereby reducing its inhibitory affect. Indeed, Katheria et al. [43] observed that infants not receiving respiratory support during DCC needed significantly more and longer stimulation to initiate regular breathing. Further studies in preterm infants using objective measures are needed to determine the influence of PBCC on respiratory effort.
Changing Landscape
It is obvious that recent findings in physiological changes during transition at birth could have a large impact on how preterm infants should be supported at birth. It has become increasingly apparent that prematurity-related problems at birth need to be approached completely differently than those of term asphyxiated infants. For this reason, it would be beneficial to develop a guideline for stabilization of preterm infants that is separate from the resuscitation guideline for all infants.
Most preterm infants are not born asphyxiated and start to breathe at birth. It has become clear that the lar-DOI: 10.1159/000497421 ynx hinders the mask ventilation provided to support the infant when there is insufficient breathing. Future research should focus on this subject, but it seems more efficient to focus on finding the best way of stimulating and supporting the infant's endogenous respiratory effort. Although use of tactile stimulation needs to be reemphasized, more needs to be known about the mechanisms to define appropriate guidelines. Caffeine at birth improves respiratory effort, but to minimize interventions at birth, antenatal administration should be investigated as an alternative. In addition, the effect seems to depend on gestational age, and more data are needed to determine whether different dosages should be used. While the best approach for oxygenation at birth is still unclear, the inhibitory effect of hypoxia at birth is an important factor that needs to be considered when defining the optimal SpO 2 target. CPAP has been shown to support and improve respiratory effort, but studies comparing different levels are needed. Pulmonary transition at birth passes through a series of phases where the lung condition changes, and so the type of respiratory support provided should be tailored to suit the lung's requirement during these different phases. This may simply mean that CPAP needs to be titrated downwards during stabilization. When more data of various interventions to stimulate and support breathing become available, this should be offered to the preterm infant as a bundle of care. This will not only facilitate the transition process, but could also decrease the need for potentially injurious ventilation by mask or endotracheal intubation.
It has become clear that, if possible, ICC needs to be avoided. Experimental data clearly demonstrated that infants will benefit most when cord clamping is postponed until the lung has been aerated. While performing PBCC will be no problem in most healthy term and preterm infants who breathe adequately, caregivers will face a practical problem in infants needing support. Stabilization then needs to take place very close to the birth canal, especially in preterm infants. Heat loss prevention needs to be taken into account as the time needed to establish lung aeration can vary. The question still remains as to whether specially designed resuscitation tables are needed to perform PBCC, ensuring that all standard support provided conforms with the guidelines, or to opt for a more straightforward approach of stabilizing the infant on the mother's leg. Currently trials are underway, but it is clear that PBCC will lead to a cultural change where obstetricians and neonatologists find themselves in the same space and need to collaborate closely.
Currently many preterm infants are still separated from the placenta immediately to place them on a resuscitation table for ventilation, via a mask or endotracheal tube. Perhaps it is time to question whether the need for "neonatal resuscitation" is something that we have created in our misguided attempt to intervene and assist struggling infants to transition at birth. It is possible that an appropriately applied "perinatal" transitional strategy can largely replace the need for neonatal resuscitation in the delivery room. With that in mind, shifting the focus towards PBCC and stimulating and supporting spontaneous breathing may indeed be a large change in the neonatal clinical landscape.
